INTRODUCTION
Mannosylerythritol lipids （MELs） are extracellular glycolipids produced by yeast strains of the genus Pseudozyma, and are one of the most promising classes of biosurfactants known 1） . MELs are composed of 4-O-β-D-mannopyranosyl-（2S, 3R） -erythritol as the hydrophilic moiety and 2 fatty acids as the hydrophobic moiety （Fig. 1） . In addition to excellent surface activities, they possess versatile biochemical properties, including antitumor and cell-differentiation activities with respect to human leukemia, rat pheochromocytoma, and mouse melanoma cells 2-4） . With the aim of expanding their applications as cosmetics and/or pharmaceuticals, we recently demonstrated that MELs show ceramide-like moisturizing properties in cultured skin cells 5） and hair 6） .
In the area of skin care products, there has been increasing interest in effective ingredients possessing not only moisturizing properties, but also antioxidant and protective actions against oxidative stress associated with the formation of reactive oxygen species （ROS） . ROS such as hydroxyl radical and superoxide anion are constantly generated in tissues, including skin cells, and are removed by a variety of antioxidant systems that prevent their harmful effects 7） . Unremoved ROS often propagate the chain reaction of lipid peroxidation causing the destruction of cell membranes on the surface of human skin 8） . Cellular antioxidant systems may not be adequate for combating excess oxidative stress derived from high metabolic demands and/or external factors such as ultraviolet irradiation and chemicals from smoking and pollution 9） . A variety of antioxidants have therefore been developed to prevent human skin surface damage arising from oxidative injury 10） . For instance, supplements such as vitamins, polyphenols, and carotenoids are known as antioxidants. Unsaturated lipids such as squalene are also reported to function as ROS scavengers to prevent the harmful chain reaction of lipid peroxidation 11） . Accordingly, other unsaturated lipids might be expected to have potential as novel antioxidants.
Based on our previous studies, the fatty acid composition of MEL depends largely on both the organism that produces MEL as well as the carbon source, and MELs produced from vegetable oil contain a large amount of unsaturated fatty acids 12） . Hence, we focused our attention on the potential antioxidant properties of MELs. In this study, we evaluated the antioxidant activities of different MEL derivatives by using a 1,1-diphenyl-2-picrylhydrazine （DPPH） free-radical-and superoxide anion-scavenging assay 13, 14） . We also investigated the effect of MEL-C produced from soybean oil by Pseudozyma hubeiensis on cell viability and expression of an oxidative stress marker, cyclooxygenase （COX） -2, in cultured human fibroblasts subjected to hydrogen peroxide （H 2 O 2 ） -induced oxidative stress. To our knowledge, this is the first report on the antioxidant activity of glycolipid biosurfactants.
EXPERIMENTAL

Materials
DPPH was purchased from Sigma-Aldrich Co. （Tokyo, Japan） . Arbutin was purchased from Wako Pure Chemical Co. （Osaka, Japan） . Alpha modified eagle minimum essential medium （α-MEM） and fetal bovine serum （FBS） for fibroblast cultivation were purchased from Invitrogen Co. （Tokyo, Japan） . 3-（4,5-dimethylthiazol-2-yl） -5-（3-carboxymethoxyphenyl） -2-（4-sulfophenyl） -2H-tetrazolium （MTS） solution was purchased from Promega Co., （Tokyo, Japan） and used for the cell proliferation assay. Anti-human COX-2 mouse IgG and anti-human β-actin mouse IgG were purchased from Cosmo Bio Co. Ltd （Tokyo, Japan） , and used as the primary antibodies. ECL Western detection reagent and anti-mouse IgG horseradish peroxidase （HRP） -conjugated antibody were purchased from GE Healthcare Ltd. （Tokyo, Japan） . All other chemicals and reagents were purchased from Wako Pure Chemical Co. （Osaka, Japan） .
Preparation of MELs
Yeast strains of the genus Pseudozyma were cultured in a growth medium （4％ glucose, 0.3％ NaNO 3 , 0.03％ MgSO 4 , 0.03％ KH 2 PO 4 , 0.1％ yeast extract, pH 6.0） at 25℃ on a reciprocal shaker （150 strokes/min） for 2 d 15） . The seed culture （0.1 mL） obtained was transferred to a 200-mL Erlenmeyer flask containing 20 mL of a production medium （5％ vegetable oil or sucrose, 0.3％ NaNO 3 , 0.03％ MgSO 4 , 0.03％ KH 2 PO 4 , 0.1％ yeast extract, pH 6.0） at 25℃ on a rotary shaker （250 rpm） for 7 d. The glycolipids produced were extracted from the culture medium with an equal amount of ethyl acetate.
The organic layer was separated and evaporated. The concentrated MELs were dissolved in chloroform and then purified by silica-gel （Wako-gel C-200） column chromatography using a gradient elution of chloroform/acetone （10:0 to 0:10, vol/vol） mixtures as solvent systems 16） . The purified MELs, namely, MEL-A, -B, and -C, were used in the following experiments （Table 1） .
Quantification of MELs by high-performance liquid
chromatography HPLC MELs were quantified using HPLC on a silica gel column （Inertsil SIL 100A 5 μm, 4.6×250 mm; GL science Inc, Japan） with a low temperature-evaporative light scattering detector （ELSD-LT; Shimadzu, Japan） using a gradient solvent program consisting of various proportions of chloroform and methanol （from 100:0 to 0:100, vol/vol） at a flow rate of 1 mL/min 17） . The quantification of MELs was based on a standard curve using the pure MEL-A fraction as described previously 16） .
Structural analysis
The structure of the purified MELs was confirmed by 1 H nuclear magnetic resonance （NMR） with a Varian INOVA 400 （400 MHz） at 30℃ by using the CD 3 OD solution. The fatty-acid profile of the MELs was analyzed by gas chromatography-mass spectrometry （GC-MS） （Hewlett Packard 6890 and 5973N） with a TC-WAX （GL-science, Japan） with temperature programmed from 90℃ （held for 3 min） to 240℃ at 5℃/min, as described previously 18） .
2.5 Antioxidant activity 2.5.1 DPPH free-radical-scavenging assay The purified MEL was dissolved in 50 μL of ethanol （1.25, 2.5, 5, and 10 mg/mL final concentrations） , and mixed with 50 μL of Tris-HCl buffer （pH 7.4） on 96-well microplate.
After the mixture was pre-incubated for 10 min at 25℃, 0.3 mM of DPPH ethanol solution （50 μL） was added, and the mixture was further incubated for 40 min at 25℃. Ethanol without MELs was used as the control, and arbutin was used as the positive control （0.063, 0.13, 0.25, and 0.5 mg/ mL final concentrations） . The absorbance of the mixture was measured at 517 nm by a microplate reader （Synergy 2, BioTek Instruments, VT） . Data were expressed in terms of DPPH free-radicalscavenging activity （％） , which was calculated according to equation 1:
where A t517 is the absorbance of the test compound, A tb517 is the absorbance of test compound （without DPPH） , A c517 is the absorbance of the control, and A cb517 is the absorbance of the control without DPPH. The 50％ inhibition concentration （IC 50 ） was determined using a semi-log plot of percentage of the activity vs. test compound concentration. 2.5.2 Superoxide anion-scavenging assay Superoxide anion-scavenging activity was measured using a superoxide dismutase （SOD） activity assay-WST-1 kit （Dojindo lab., Kumamoto, Japan） following the manufacturers' instructions. The purified MEL was dissolved in 20 μL of 25％ ethanol （0.25, 0.5, 1, and 2 mg/mL final concentrations） , and mixed with 200 μL of WST working solution containing WST-1 and xanthine on a 96-well microplate. After the mixture was pre-incubated for 10 min at 25℃, 20 μL of enzyme working solution containing xanthine oxidase was added and mixed, and the mixture was further incubated for 20 min at 25℃. The absorbance of the mixture was measured at 450 nm using the microplate reader. Ethanol （25％） without MELs was used as the control, and arbutin was used as the positive control （0.13, 0.25, 0.5, and 1 mg/mL as final concentrations） .
Data were expressed in terms of superoxide anion-scavenging activity （％） , which was calculated according to equation 2:
where A t450 is the absorbance of the test compound, A tb450 is the absorbance of the test compound without enzyme working solution, A c450 is the absorbance of the control, and A cb450 is the absorbance of the control without enzyme working solution. The IC 50 was determined using a semi-log plot of percentage of the activity vs. test compound concentration.
Cell culture
Normal human neonatal skin fibroblasts （NB1RGB cells） were purchased from Riken Cell Bank （Ibaraki, Japan） . NB1RGB cells were cultivated in α-MEM supplemented with 10％ FBS under a humidified atmosphere at 37℃, 5％ CO 2 . NB1RGB cells were seeded on a 96-well microplate at a density of 1×10 4 cells/well and grown for 24 h.
2.7 Cytotoxicity of hydrogen peroxide and MEL-C H 2 O 2 readily generates a highly reactive hydroxyl radical （OH・） , which induces cell damage through oxidative stress 19） . To determine the optimized conditions for the assay, we treated NB1RGB cells with medium （α-MEM supplemented with 10％ FBS） containing different concentrations of H 2 O 2 （0.025 to 0.5 mM） or MEL-C （1 to 1000 μg/mL） for 3 h. H 2 O 2 was diluted with 10 mM phosphate buffered saline （PBS, pH 7.2） , and MEL-C was dissolved with dimethyl sulfoxide （DMSO） .
Cell viability was colorimetrically determined by MTS assay. After the MTS solution （1.9 mg/mL） was added to each well, the cells were incubated at 37℃ under 5％ CO 2 for 120 min, and the absorbance of the cells was determined at 490 nm by the microplate reader.
Data were expressed in terms of viability （％） , which was calculated according to equation 3: where A s490 is the absorbance of the H 2 O 2 or MEL-C medium, and A c450 is the absorbance of the control medium.
2.8 Protective effect of MEL-C on cultured human skin broblasts against H 2 O 2 -induced oxidative stress To determine the protective effect of MEL-C on NB1RGB cells against H 2 O 2 -induced oxidative stress, we pre-incubated the cells with medium containing different concentrations of MEL-C （1, 5, and 10 μg/mL） for 30 min. After pre-incubation, the cells were further incubated with/ without 0.2 mM H 2 O 2 at 37℃ under 5％ CO 2 for 3 h. Arbutin was used as the positive control. Cell viability was assessed by MTS assay as described above.
Data were expressed in terms of cytoprotectivity （％） , which was calculated according to equation 4:
where A sc490 is the absorbance of the supplemented medium without H 2 O 2 , A s490 is the absorbance with the supplemented medium with H 2 O 2 , A oc490 is the absorbance with the control medium without H 2 O 2 , and A o490 is the absorbance of the control medium with H 2 O 2 .
2.9 Western blot analysis NB1RGB cells were cultured in medium containing 10 μg/mL of test compounds. After cultivation, the medium was removed by centrifugation, and the cells were washed twice with PBS. The cells were then scraped into lysis buffer （60 mM Tris-HCl （pH 7.4） , 5％ 2-mercaptoethanol, 2％ sodium dodecyl sulfate （SDS） , and 5％ sucrose） , and sonicated for 15 s, heated at 95℃ for 5 min, clarified by centrifugation, and stored at -80℃. The lysates were applied to SDS-polyacrylamide gel electrophoresis, and the proteins were transferred onto immobilon polyvinylidene fluoride membranes （Millipore, MA） . The membranes were washed with PBS （pH 7.2） supplemented with 0.05％ Tween-20 （PBS-T） , followed by blocking with PBS-T containing 5％ non-fat dried milk. The membranes were incubated overnight with the antibodies anti-COX-2 （1:500） or anti-β actin （1:2000） . The membranes were then exposed to the secondary antibody coupled to HRP for 2 h and washed twice with PBS-T. Protein was detected with ECL detection reagent and observed under charged coupling device cameras （Fluor chem., Alpha Innotech, CA） .
Statistical analysis
All data are expressed as mean±S.D.. Data were analysed by one-way ANOVA, and differences among the means of groups were analyzed by the Bonferroni procedure as a post hoc test. Differences were considered significant at P＜0.05 and 0.01.
RESULTS
DPPH radical-scavenging activities of different MEL
derivatives To evaluate the antioxidant properties of MELs, we investigated DPPH radical-scavenging activities of different MEL derivatives （#1 to #7, Table 1） . Arbutin, which is well known to act as a strong scavenger 20） , was used as the positive control. As expected, all MELs tested showed scavenging activity in a concentration-dependent manner （Fig. 2） , although their activities were lower than those of arbutin （IC 50 ＝0.26 mg/mL） . Among these MELs, MEL-C （#7） produced from soybean oil by P. hubeiensis showed the highest activity of 50.3％ at 10 mg/mL.
Fig. 2 DPPH radical scavenging activity of MELs.
Values were expressed as the means±S.D. (n＝3). The fatty-acid compositions of MELs (#1 to #7) are described in Table 1 . Arbutin was used as the control.
Superoxide anion-scavenging activities of different MEL derivatives
To further evaluate the antioxidant properties of MELs, we investigated the superoxide anion （O2 -） -scavenging activities of different MEL derivatives （#1 to #7, Table 1） by using the xanthine/xanthine oxidase system. As shown in Fig. 3 , MEL-A derivatives （#1 and #2） showed low-level scavenging activities, whereas MEL-B derivatives （#3 and #4） showed no activity. MEL-C derivatives （#6 and #7） showed high activities in a concentration-dependent manner, although their activities were lower than those of arbutin （IC 50 ＝0.4 mg/mL） . Among these MELs, MEL-C （#7） produced from soybean oil by P. hubeiensis showed the highest activity of 60％ at 2 mg/mL. Next, MEL-C was examined for antioxidant properties in further detail.
3.3 Protective effect of MEL-C on human skin broblasts against H 2 O 2 -induced oxidative stress To evaluate the antioxidant property of MEL-C （#7） in vitro, we investigated its effect on the viability of NB1RGB cells treated with H 2 O 2 . First, cell viability was examined at different concentrations of H 2 O 2 or MEL-C to determine the optimal assay conditions. We found that 0.2 mM of H 2 O 2 resulted in cell viability around 50％, which we determined was adequate oxidative stress. MEL-C at＜10 μg/mL showed no toxicity toward the cells. Therefore, 1, 5, and 10 μ g/mL of MEL-C was used in the following experiments. Fig. 4 shows the protective effect of MEL-C on cells treated with 0.2 mM of H 2 O 2 . Both MEL-C and arbutin demonstrated cytoprotectivity against H 2 O 2 -induced oxidative stress in a dose-dependent manner. Surprisingly, the cytoprotectivity of MEL-C was significantly higher than that of arbutin, although the radical-scavenging activity of MEL-C was lower than that of arbutin, as indicated above.
3.4 Effect of MEL-C on the expression of an oxidative stress marker protein in human skin broblasts treated with H 2 O 2 COX-2 is an inducible protein responsible for the biosynthesis of prostaglandin, and its expression is highly increased in various types of cells exposed to inflammatory factors, mitogenic factors, and tumor promoters 21） . Zdanov et al reported that H 2 O 2 oxidative stress also induces the expression of COX-2 in human skin fibroblasts 22） . To confirm the cytoprotective effect of MEL-C （#7） , we assayed the expression of COX-2 in NB1RGB cells treated with H 2 O 2 （0.2 mM） by western blot analysis （Fig. 5） . Table 1 . Arbutin was used as the control. ND; Not detected. As expected, expression of COX-2 was significantly repressed by treatment with MEL-C. The signal density of COX-2 was nearly equivalent in cells treated with MEL-C and arbutin. From these results, MEL-C was confirmed to show antioxidant and protective effects in cells with H 2 O 2 -induced oxidative damage.
DISCUSSION
In the present study, we showed for the first time the potential antioxidant property of MELs. MEL-C produced from soybean oil by P. hubeiensis showed high DPPH radical-and superoxide anion-scavenging activity compared to other MEL derivatives tested, as well as a protective effect in cultured human fibroblasts against H 2 O 2 -induced oxidative stress.
The DPPH radical-and superoxide anion-scavenging activity of diacetylated MEL-A （#2; unsaturated fatty acid ratio of 55.7％） was clearly higher than that of another MEL-A （#1; unsaturated fatty acid ratio of 41.2％） . The DPPH radical-scavenging activity of monoacetylated MEL-B （#4; unsaturated fatty acid ratio of 12.6％） was higher than that of another MEL-B （#3; unsaturated fatty acid ratio of 32.0％） that has an opposite erythritol configuration 23） ; however, neither glycolipid showed superoxide anion-scavenging activity. The DPPH radical-and superoxide anion-scavenging activity of monoacetylated MEL-C （#7, ratio of 30.4％） was clearly higher than that of 2 other MEL-Cs （#5, ratio of 27.2％; #6, ratio of 29.2％） , and was highest among all MEL derivatives tested. From these results, the antioxidant activity of MEL is likely to depend not only on the unsaturated fatty acid ratio, but also on the number and/or position of acetyl group and the chirality of the erythritol moiety.
MEL-A, -B, and -C have different critical aggregation concentrations （CACs） in the range of 10 -6 to 10
-5 （M） , and show different self-assembling structures including sponge （L3） and lamellar （La） phases above their CACs 7, 9） . In this study, the concentrations of MELs employed were significantly higher than their CACs. On the other hand, the scavenging assays for DPPH radical and superoxide anion were conducted in ethanol solutions of 66.7％ （v/v） and 2.3％ （v/v） , respectively, suggesting that the DPPH radicalscavenging activities of the MELs in this study might be attributed to the monomeric form, whereas the superoxide anion-scavenging activities might be attributed to the selfassembled form. Moreover, this might explain our finding that MEL-B showed scavenging activity for DPPH radicals, but not for the superoxide anion.
DPPH radical-and superoxide-anion scavenging activities have been used to evaluate the activity of antioxidants, which reduce free radicals by donating hydrogen atoms 24） . In the case of unsaturated fatty acids, antioxidant ability increases with increasing numbers of double bond 25） , because methylene hydrogen atoms between the 2 double bonds readily react with ROS to generate unreactive species 26） . Taking these facts into consideration, the unsaturated fatty acids in MEL might exert their antioxidant activities by acting as donors of hydrogen atoms to DPPH radical and superoxide anions. However, to address the antioxidant mechanism of the MELs, studies to measure their scavenging activity by using other conventional unsaturated lipids （e.g., squalene, eicosapentaenoic acid, and docosahexaenoic acid） , which are well known to act as strong scavengers, as positive controls, are required.
DPPH radical-and superoxide anion-scavenging activities have also been reported to be closely related to cytoprotectivity in cells subjected to oxidative stress 27） . Indeed, the MEL-C in the current study （#7） showed a higher protective effect （31％） toward cultured human fibroblasts against H 2 O 2 -induced oxidative stress than arbutin did （＜ 13％） , although compared to arbutin, it did lower radicalscavenging activities. MEL-C is therefore likely to increase cell viability not only through scavenging activities but also by other cell-proliferation actions, considering the fact that a small amount of MEL-A （＜1 g/mL） robustly activates cultured human fibroblasts
28）
. Further biochemical studies are however required in cells undergoing oxidative stress in order to clarify the protective mechanism of MEL-C.
Recently, there has been intense interest from an antiaging standpoint in finding cosmetic ingredients with both antioxidant and moisturizing properties. Arbutin has excellent antioxidant properties and is widely used as a skin care ingredient 29） . The glycolipid in the current study, namely, MEL-C produced by P. hubeiensis from soybean oil, showed potential antioxidant and protective actions toward cultured human fibroblasts subjected to H 2 O 2 -induced oxidative stress, and its activity in this respect was higher than that of arbutin. In addition, through lyotropic liquid crystal formation, MELs show high moisturizing activities toward human skin cells, comparable to the moisturizing activities of a natural ceramide 5） . MELs with unsat- Fig. 5 Supression of the expression of COX-2 by MEL-C. The cell lysates were separated by SDS-PAGE, and the signals of COX-2 and β-actin as the control were detected by immunoblot analysis.
